ABSTRACT: Numerical investigation of aluminum alloy plate girders subjected to shear force has been presented in this paper. The aluminum alloy plate girders were fabricated by welding three plates to form an I-section. A total of 118 numerical data are presented. A non-linear finite element model is developed and verified against experimental results. Geometric and material non-linearities were included in the finite element model. The welding of the aluminum alloy plate girders and the influence of the heat affected zone (HAZ) are also considered and carefully modeled. A sensitivity analysis on geometric imperfections of the aluminum alloy plate girders was performed. It was shown that the finite element model closely predicted the ultimate loads, web deformations and failure modes of aluminum alloy plate girders. Hence, the model was used for an extensive parametric study of cross-section geometries, and the web slenderness value ranged from 49 to 393. The test results and the shear resistances predicted by the finite element analysis were compared with the design strengths obtained using the European Code and American Specification for aluminum structures. Based on the experimental and numerical results, a design method for shear resistance of aluminum alloy plate girders is proposed in this study. The proposed design method is modified from the design rules in the EC9 Code. It is shown that the proposed design strengths are generally conservative and reliable.
INTRODUCTION
In the past years, structural members in the form of plate girders have been widely used in the construction of buildings, bridges and other structures. They are popular to be used by designers since they can be tailor-made to suit any situation whereas hot-rolled steel sections are only rolled in a limited number of profiles. It should be noted that plate girders can also be fabricated from aluminum alloy. Aluminum alloy is much lighter than steel and sometimes it may be very useful for design of structures where the self-weight is an important design criterion. In addition, the nature of aluminum alloy would not normally rust so the maintenance of an aluminum structure is minimal and as a result of considerable cost-saving. Therefore, aluminum alloy plate girders have certain advantages over steel plate girders and should be investigated to gain a better understanding of their behaviour.
The webs of aluminum alloy plate girders are usually slender, hence, easy to buckle in shear at relative low applied loads. In order to provide an efficient and economical design, advantage should be taken of the post-buckling capacity of the plate girder. It has been well-documented by Evans [1] that a transversely stiffened girder can withstand loads considerably in excess of the load at which web buckling first occurs. This post-buckling reserve of strength arises from the development of tension field action within the web.
The post-buckling behaviour of steel plate girder has been studied by many researchers [2] [3] [4] [5] [6] . However, a comparatively little research has been conducted on aluminum alloy plate girders subjected to shear force. Evans and Hamoodi [7] performed twenty-two tests to investigate the post-buckling behaviour of welded aluminum alloy plate girders. The girders have transverse or longitudinal web stiffeners and are subjected to different combinations of shear and bending loads. It was observed that, although shear sway mechanisms similar to those for steel girders was developed, the webs of aluminum girders may fracture in the heat affected zones (HAZ) adjacent to the welds. It is shown that the tension field theory, originally developed for steel girders, may overestimate the shear-carrying capacity of aluminum girders and it is concluded that the theory requires some modification before it can be applied with confidence to aluminum girders. Based on these experimental results, a finite element model was developed by Cheng et al. [8] to investigate the shear resistance of aluminum alloy plate girders. However, the welding of the aluminum alloy plate girder is not considered. Hence, the influence of the heat affected zone (HAZ) is ignored. It should be noted that heating the material tends to erase the effect of precipitation-heat treatments and strain-hardening, so arc welding, which brings a localized portion of the metal to the melting point, decreases the material's strength at the weld [9] .
The objective of this paper is to assess the appropriateness of the shear resistance design rules in the current specifications for aluminum alloy plate girders. An accurate finite element model (FEM) was developed to investigate the behaviour of aluminum alloy plate girders subjected to shear force. The finite element analysis (FEA) program ABAQUS [10] was used for the numerical investigation. The FEM included geometric and material non-linearities. The welding of the aluminum alloy plate girder and the influence of the heat affected zone (HAZ) are considered and carefully modeled. The FEM was verified against the aluminum alloy plate girder tests conducted by Lam [11] . Aluminum alloy plate girders with end posts (web stiffeners) consist of a single plate were investigated. Parametric study was performed to investigate the effect of cross-section geometries on the shear resistance of aluminum alloy plate girder. The test results as well as the shear resistances predicted by the FEA were compared with the design strengths obtained using the European Code [12] and American Specification [13] for aluminum structures. Modifications on the design rules of EC9 [12] Code are made for the proposed design method for shear resistance of aluminum alloy plate girders with end posts.
SUMMARY OF EXPERIMENTAL INVESTIGATION
A test program has been conducted by Lam [11] to investigate the shear behaviour of aluminum alloy plate girders with end posts consisting of a single plate. A total of eight tests of 7020 series and 6082 series aluminum alloy plate girders have been conducted. Both series of 7020 and 6082 aluminum alloy plate girders consist of two panels of equal depth for each specimen. At mid-span between the panels of each girder, a very strong intermediate doubled-sided vertical stiffener was used. Each panel comprised two equal flanges of rectangular cross-section, a rectangular web plate of uniform thickness and an end post consisting of a single plate. The layout and the definition of symbols for an aluminum alloy plate girder are shown in Figure 1 . The dimensions and material properties are shown in Table 1 .
Prior to testing, one of the panels of the girder was reinforced while the other panel was instrumented for testing. The girder was simply supported at its ends and subjected to a vertical point load which was applied by a servo-controlled hydraulic jack. Each girder was loaded predominantly in shear. During the tests, two different failure modes were observed. The collapse behaviour of the test II-7020 and test II-6082 are similar, but entirely different from the other tests. The failure modes observed for most of the aluminum alloy plate girders of test I, test III and test IV of both series of 7020 and 6082 were mainly shear buckling. Figure 2a shows the failure mode of the test I-7020. The aluminum alloy plate girders failed by buckling in the end post for test II-7020 and test II-6082, as clearly shown in Figure 3a . The severe deformation of the failed end post can be seen in Figure 3a . In addition to the buckling of the end post, which occurred at a position of about one-third of the height of the post, the web panel has also buckled. The ultimate loads of the aluminum alloy plate girder tests are shown in 
NUMERICAL INVESTIGATION

General
The non-linear finite element analysis program ABAQUS [10] version 6.7 was used to simulate the ultimate loads, web deformations and failure modes of aluminum alloy plate girders with end posts. The finite element simulation consisted of two steps. The first step is linear perturbation analysis, which was performed on a "perfect" geometry to obtain probable elastic buckling modes of the aluminum alloy plate girder. The second step is non-linear analysis by incorporating both geometric and material non-linearities, which was performed to obtain the ultimate load, web deformation and failure mode of the aluminum alloy plate girder.
In the finite element model (FEM), the measured cross-section dimensions, material properties obtained from coupon tests and initial geometric imperfections were used. The model was based on the centerline dimensions of the cross-sections. The welding of the aluminum alloy plate girder and the influence of the heat affected zone (HAZ) were considered and carefully modeled.
Element Type and Mesh
The four-node doubly curved general-purpose shell elements S4R were used in the finite element analysis (FEA) to model the aluminium alloy plate girder components. It is mentioned in the ABAQUS manual that S4R element is suitable for complex buckling behaviour. The S4R element has six degrees of freedom per node and provides accurate solutions to most applications [10] . Five integration points were taken in the thickness direction. The finite element mesh used in the model was investigated by varying the size of the elements in the cross-section to provide both accurate results and less computational time. The finer mesh size of 8×8mm (length by width) in the HAZ areas and the finite element mesh size of 15×15mm for the rest of the section were used. Figures 2b  and 3b show the geometry and the mesh of the plate girders.
Boundary Condition and Method of Loading
The aluminum alloy plate girder was simply supported at its end and subjected to a vertical point load. Following the test procedure, the simply supported end boundary conditions were modeled by restraining the translational degrees of freedom in the Y and Z directions at one end and restraining the translational degree of freedom in the Y direction only at the other end.
The loading method used in the FEA was identical to that used in the tests. The displacement control method was used for the analysis of the aluminum alloy plate girder. Vertical point load was applied to the girder by specifying a displacement to the nodes at the center of the girder.
Material Modelling
As mentioned earlier, the first step of the FEA is a linear analysis where there is a linear relationship between the applied loads and the response of the structure. In this step, the stiffness of the structure remained constant. Hence, only the density, Young's modulus and Poisson's ratio defined the material properties. However, the second step of the FEA is a non-linearity analysis where the stiffness of the structure changed as it deformed. The material non-linearity was incorporated in the FEM by specifying the true values of stresses and strains. The plasticity of the material was simulated by a mathematical model, known as the incremental plasticity model, and the true stress ( true ) and plastic true strain ( pl true  ) were specified in ABAQUS [10] .
It is well-known that a heat affected zone (HAZ) develops in an aluminum alloy plate girder adjacent to the welds. In the HAZ, the strength varies from a minimum at the weld to the full strength of the virgin material at a certain distance away from the weld. The welding of the aluminum alloy plate girder and the influence of the heat affected zone (HAZ) are also considered and carefully modeled in this study. The extent of the HAZ and material properties of the HAZ are predicted according to EC9 Code [12] , then modeled accordingly in the FEM.
SENSITIVITY ANALYSIS AND VERIFICATION OF FINITE ELEMENT MODEL
A sensitivity analysis on geometric imperfections of the aluminum alloy plate girders was performed for both series of 7020 and 6082 to determine the most appropriate scale factor for the finite element model (FEM). A number of scale factors expressed in terms of 1/100, 1/200, 1/500, 1/1000, 1/3000 and 1/6000 of the depth of the web between the flanges (h w ) were investigated. The results of the sensitivity analysis are shown in Table 2 , in which, V Exp is the experimental ultimate load, and V FEA is the ultimate load predicted by the FEA. It is shown that using the scale factors of 1/100, 1/200, 1/500, 1/1000, 1/3000 and 1/6000 of the depth of the web between the flanges (h w ) provide good predictions compared with the experimental results. The results obtained for different scale factors are relatively close. Generally, the scale factor of 1/200 of the depth of the web between the flanges provides the best predictions for both series of 7020 and 6082 in terms of the mean value and coefficient of variation (COV). Hence, a scale factor of h w /200 was chosen for the verification of the finite element model as well as for the parametric study.
In the verification of the developed FEM, a total of eight aluminum alloy plate girders subjected to shear force were analyzed. A comparison between the experimental results and the finite element results was carried out. The main objective of this comparison is to verify and check the accuracy of the finite element model. The comparison of the test results (V Exp ) with the shear resistance of aluminum alloy plate girders (V FEA ) predicted by the FEA is shown in Table 2 . It can be seen that good agreement has been achieved between both results for all specimens where a scale factor of 1/200 of the depth of the web between the flanges was used in modeling the geometric imperfections of the aluminum alloy plate girders. A maximum difference of 6% was observed between the experimental and numerical results for specimens Test I-6082 and Test IV-6082. The mean value of the V Exp /V FEA ratio is 1.001 with the corresponding coefficient of variation (COV) of 0.041.
Two different failure modes were observed from the tests and also verified by the finite element model, as shown in Figures 2 and 3 . The failure mode of the tests II-7020 and test II-6082 is entirely different from the other tests as mentioned in the Summary of Experimental Investigation Section. A typical comparison of the load-web deformation curves between experimental and finite element analysis for specimen test I-7020 is shown in Figure 4 . It is shown that both the failure modes and the load-web deformation curves reflect good agreement between the experimental and finite element results. 
PARAMETRIC STUDY
It is shown that the FEM closely predicted the shear behaviour of aluminum alloy plate girders with end posts consisting of a single plate. Hence, parametric study was carried out to study the effects of cross-section geometries on the shear ultimate load of aluminum alloy plate girder. A total of 118 specimens in 4 Groups were analyzed in the parametric study. In Group 1, 35 specimens were analyzed to investigate the effects of web on the shear behaviour of aluminum alloy plate girder. The dimensions of web varied and the web slenderness (h w /t w ) ranged from 98 to 393 while the dimensions of flange and stiffener were kept constant, as shown in Table 3 . Five different aspect ratios (a/b w ) were investigated in this study. In Group 2, 40 specimens were analyzed to investigate the effects of bending rigidity of flange on the collapse behaviour of aluminum alloy plate girder.
The dimensions of flange and web varied and four different flange-to-web thickness ratios (t f /t w ) of 2, 3, 4 and 5 were investigated, while the dimensions of stiffener were kept constant, as shown in Table 4 . In Group 3, 36 specimens were analyzed to investigate the effects of bending rigidity of stiffener on the collapse behaviour of aluminum alloy plate girder. The dimensions of stiffener and web varied and four different stiffener-to-web thickness ratios (t s /t w ) of 2, 3, 4 and 5 were investigated, while the dimensions of flange were kept constant, as shown in Table 5 . The half width of stiffener (b s ) was also investigated in Group 4, as shown in Table 6 , where 7 specimens with half width of stiffeners were analyzed. The material properties of test specimen of Test II-6082 were used in the parametric study. 
DISCUSSION
The web slenderness (h w /t w ) has significant effect on the shear resistance of aluminum alloy plate girder, as shown in Figure 5 , where the vertical axis of the graph shows the normalized shear resistance ( It is known that when the web is in the post-buckling range, a load-carrying mechanism is developed, whereby any additional shear load is carried by an inclined tensile membrane stress field. This tensile field anchors against the top and bottom flanges and against the transverse stiffener on either side of the web panel. Hence, the effects of the bending rigidity of the flanges and the non-rigid end post are also investigated in this study. Figures 6 and 7 show the effect of the bending rigidity of the flanges on the shear resistance of aluminum alloy plate girders for the case of the aspect ratios a/b w = 1.11 and 2.22, respectively. It is shown that the bending rigidity of the flanges has significant effect on the shear resistance of aluminum alloy plate girder.
In order to study the effect of the non-rigid end post, the shear resistances of some aluminum alloy plate girders with different dimensions of non-rigid end post were calculated. Figures 8 and 9 show the effect of the non-rigid end post on the shear resistance of aluminum alloy plate girders for the case of the aspect ratios a/b w = 0.56 and 1.11, respectively. The ratio of shear resistance of aluminum plate girders with half width of stiffeners to that of aluminum alloy plate girders with full width of stiffeners (V(0.5bs)/V(bs)) against the web slenderness (h w /t w ) is plotted in Figure 10 . It is shown that the non-rigid end post has significant effect on the shear resistance of aluminum alloy plate girder. 
DESIGN RULES
The current EC9 Code [12] and AA Specification [13] are used to predict the shear resistance of aluminum alloy plate girders. It should be noted that the end posts consisting of a single plate is belonged to the non-rigid end post. In EC9 Code, the shear design resistance V EC of aluminum alloy plate girder with web stiffeners is the sum of the contribution V w,EC of the web and V f,EC of the flanges.
where V w,EC includes partial tension field action in the web according to Eqs. 2 -5 and V f,EC is an increase of the tension field caused by local bending resistance of the flanges according to Eqs. 6 -7.
where  v is a factor for shear buckling obtained from the Table 7 , t w is the web thickness, h w is the web depth between flanges and f w is the tensile yield stress of the web material. The slenderness parameter  w is defined as: (5) in which, b w is the depth of straight portion of a web excluding the welds, a is the distance between transverse stiffeners and E is the Young's modulus of the aluminum alloy material.
If the flange resistance is not completely utilized in withstanding the bending moment, then the shear resistance contribution V f,EC from the flanges may be included in the shear buckling resistance as follows:
where b f is the flange width, t f is the flange thickness, f f is the yield stress of the flange material, M Ed is the design bending moment and M f,BS is the design moment resistance of a cross-section considering the flanges only.
In AA Specification, the shear design stress (f v,AA ) of stiffened flat elements supported on both edges is defined as follows: 
RELIABILITY ANALYSIS
The reliability of the design rules for aluminum alloy plate girders subject to shear force is evaluated using reliability analysis. The reliability index (β) is a relative measure of the safety of the design. A target reliability index of 2.5 for aluminum alloy plate girders is recommended as a lower limit in the AA Specification [13] . The design rules are considered to be reliable if the reliability index is greater than 2.5. The resistance (capacity) factor ( v1 ) for shear resistance as recommended by the current EC9 Code [12] and AA Specification [13] are shown in Tables 8 − 11 . The load combinations of 1.35DL + 1.5LL and 1.2DL + 1.6LL as specified in the European Code and the American Society of Civil Engineers Standard [14] , respectively, were used in the reliability analysis, where DL is the dead load and LL is the live load. The statistical parameters are obtained from the AA Specification for aluminum alloy plate girders subjected to shear force, where M m = 1.10, F m = 1.00, V M = 0.06, and V F = 0.05, which are the mean values and coefficients of variation for material properties and fabrication factors. The statistical parameters U m and U P are the mean value and coefficient of variation of load ratio, respectively, as shown in Tables 8 − 11 . In calculating the reliability index, the correction factor in the AA Specification was used. The respective resistance factor ( v1 ) and load combinations for the current EC9 Code and AA Specification were used to calculate the corresponding reliability index ( 1 ). For the purpose of direct comparison, a constant resistant factor ( v2 ) of 0.8 and a load combination of 1.2DL + 1.6LL as specified in the AA Specification were used to calculate the reliability index (β 2 ) for the EC9 Code and AA Specification, as shown in Tables 8−11 . Reliability analysis is detailed in the AA Specification [13] .
COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS WITH CURRENT DESIGN STRENGTHS
The shear ultimate loads (V Exp ) obtained from the tests and the shear strengths (V FEA ) predicted by the finite element analysis were compared with the nominal shear resistances predicted using the EC9 Code [12] and AA Specification [13] . Tables 8 − 11 show the comparison of the test results (V Exp ) and the shear strengths (V FEA ) predicted by the FEA with the unfactored design strengths. The design strengths were calculated using the measured cross-section dimensions of each specimen and the measured material properties.
The design strengths predicted by the EC9 Code are generally conservative but not reliable, except for Group 2 where the mean value of the load ratio V/V EC is 1.38 with the corresponding coefficient of variation (COV) of 0.181 and the reliability index  1 = 3.06 and  2 = 3.62, as shown in Table 9 .
For AA Specification, the design strengths are generally very conservative. The maximum mean value of the load ratio V/V AA is 4.11 with the corresponding COV of 0.642 and the reliability indices ( 1 and  2 ) of 3.05, as shown in Table 9 .
MODIFIED DESIGN METHOD
Modifications on the design rules of EC9 Code are made for the design of aluminum alloy plate girder with end posts consisting of a single plate. The only modification to the shear design resistance equation is the term related to the contribution V w of the web. The modified shear design resistance V P of aluminum alloy plate girder with web stiffeners is defined as:
where, 3
and the modified factor  v for shear buckling is shown in Table 7 . The comparison of shear buckling factor  v predicted by the current EC9 Code and modified design method is shown in Figure 11 . It should be noted that the contribution V f,P of the flanges remains the same and it is defined in Eqs 6 -7. The modified design method was calibrated against the experimental and numerical results. 
COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS WITH PROPOSED DESIGN STRENGTHS
The unfactored shear design resistances (V p ) calculated using the modified design method were compared with the test results (V Exp ) and the shear strengths (V FEA ) predicted by the FEA. The proposed design strengths were calculated using the measured cross-section dimensions and measured material properties. The resistance facto  v = 0.8 was obtained from the reliability analysis. The load combination of 1.2DL + 1.6LL was used to determine the reliability indices ( 1 and  2 ).
The proposed design strengths are generally conservative and reliable. The maximum mean value of the load ratio is 1.25 with the corresponding COV of 0.078 and the value of  1 =  2 = 4.05 for the Group 2, as shown in Table 9 . The minimum mean value of the load ratio is 1.02 with the corresponding COV of 0.169 and the value of  1 =  2 = 2.67 for the Group 3, as shown in Table 10 . The reliability indices (( 1 and  2 ) are greater than the target value for all specimens. It is shown that the proposed design method provides more accurate and reliable predictions than the current design rules for aluminum alloy plate girders subjected to shear force. 
CONCLUSIONS
Numerical investigation of welded aluminum alloy plate girders with end posts having a single plate subjected to shear force has been presented in this paper. A finite element model including geometric and material non-linearities has been developed and verified against experimental results. The heat affected zone (HAZ) softening due to welding of the aluminum alloy is also considered in the finite element model. The finite element model closely predicted the shear behaviour of aluminum alloy plate girders compared with the test results. Hence, parametric study was carried out to study the effects of cross-section geometries on the shear resistance of aluminum alloy plate girders with non-rigid end post.
The appropriateness of the shear resistance design rules in the current European Code and American Specification for aluminum structures has been examined. The test results and the shear resistance predicted by the finite element analysis were compared with the design strengths obtained using the current European Code and American Specification for aluminum structures. It is shown that the design strengths predicted by the European Code are generally conservative but not reliable. The design strengths predicted by the American Specification are generally very conservative. Therefore, a design method for shear resistance of aluminum alloy plate girders has been proposed by small modifications to the design rules in the current European Code. It is shown that the proposed design strengths are generally conservative and reliable. It is also shown that the proposed design method provides more accurate and reliable predictions than the current design rules in the European Code and American Specification for welded aluminum alloy plate girders subjected to shear force.
